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Abstract

Librating around the Lagrange L5, the Jupiter’s Trojan (2207) Antenor has been observed in recent years and its
rotational light curve suggests it to be a very likely binary asteroid candidate. From stellar occultations, we report
results from three events from Europe and North America to estimate the 2D apparent size and shape of Jupiter’s
Trojan (2207) Antenor. For the best-fitted ellipse in the sky-plane, we determined that Antenor has a 2D apparent
equatorial radius of 54.30 £ 0.99km at the moment of the occultations, with an apparent oblateness of
0.144 + 0.051. We highlight the positive detection from 2021 June 12, which shows an intriguing feature that
can be interpreted as a very large topographical feature (of about 11 km) of the body or that can provide further
evidence that this object is, in fact, a close or contact binary. We also determine astrometric positions, with
uncertainties of a few milliarcseconds (mas) for our preferred solutions.

Unified Astronomy Thesaurus concepts: Small Solar System bodies (1469); Asteroids (72); Stellar occultation
(2135); Jupiter trojans (874)

1. Introduction and/or migrated (see A. Morbidelli et al. 2005; D. Nesvorny
et al. 2013; W. F. Bottke et al. 2023). The first observations of
Jupiter’s trojans were between 1906 and 1907, with the
observations of three small bodies, later named Achilles,
Patroclus, and Hektor (S. B. Nicholson 1961). Since then,
more than 7500 Jupiter Trojans and more than 5800 candidates
are currently known.”’

These small bodies can provide key details on the history
and dynamic evolution of our solar system. Their composition
and physical properties, such as their size and shape, can

Jupiter trojans are a population of small bodies that share the
giant planet’s orbit around the Sun. They are grouped and
librating around two equilibrium points of the circular
restricted three-body problem, known as the Lagrange L4
and L5 points, in a 1:1 mean motion resonance. They are
thought to be planetesimals captured from a larger population
that existed in the planetary region when Jupiter was formed

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
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provide insights into the condition of the solar nebula in the
region where they formed. Discovered in 1977, (2207)
Antenor is among the lar%est Jupiter Trojans and is orbiting
the Lagrangian point L5.%® Its rotational light curve has been
observed several times over the years, showing a rotational
period near 7.964 + 0.001 hr, an amplitude varying from 0.19
to 0.24 mag (S. Mottola et al. 2011; R. D. Stephens &
D. R. Coley 2017; R. D. Stephens et al. 2018; R. D. Stephens
& B. D. Warner 2019) and a proper frequency of —15.69 per
year (J. Hanus et al. 2023). Also, R. D. Stephens et al. (2018)
found deviations from the light curve suggestive of mutual
events from a binary system. Thus, more investigations about
its size and shape become relevant to better constrain its
physical properties.

In this context, stellar occultation is a powerful technique
for studying the sizes and shapes of small bodies in our solar
system (J. L. Elliot 1979). A stellar occultation happens when
one celestial body blocks the light of a background star.
During this event, the shadow of the body can be observed as a
sudden decrease in the measured light flux, the combination of
the stellar flux and, in this case, the Trojan asteroid flux. By
considering the relative velocity of the observer with respect to
the body, the observation can be converted into a path on the
sky, usually called chord in the sky plane (A. R. Gomes-Juinior
et al. 2022; B. Sicardy et al. 2024).

This method can provide sizes and shapes down to km-level
accuracy, reveal atmospheres, detect features like jets,
satellites, and rings of the occulting body (B. Sicardy et al.
2011; J. L. Ortiz et al. 2012; F. Braga-Ribas et al. 2014;
A. Dias-Oliveira et al. 2017; B. E. Morgado et al. 2023). Some
previous works that have presented results for the physical
properties of Jupiter Trojans from the stellar occultation
technique can be found for (1437) Diomedes (I. Sato et al.
2000), (617) Patroclus and its nearly equal size moon
(M. W. Buie et al. 2015), and (4709) Ennomos and (911)
Agamemnon (V. G. Shevchenko et al. 2014). For this last one,
the stellar occultation technique also revealed the presence of a
satellite (B. Timerson et al. 2013).

In this paper, we present three stellar occultations by (2207)
Antenor. The first one was on 2021 June 12, with one positive
detection from Germany and two negatives from Spain. Then
later, two multichord events were observed on 2021 July 10,
with positive detections in France, Spain and Portugal, and the
other one on 2021 August 26 from the United States and
Canada.

2. Predictions and Observations

The prediction of the stellar occultation requires the
knowledge of the position of the occulted star and the
ephemeris of the occulting body. For the specific events
present here, predictions were made within the framework of
the European Research Council Lucky Star project.”’ The
campaign was managed by the Occultation Portal website®”
described by Y. Kilic et al. (2022). Stellar positions are from
the Gaia EDR3 (Gaia Collaboration 2022). Antenor’s
ephemeris was calculated and is regularly updated, using the
Numerical Integration of the Motion of an Asteroid (NIMA)

% Minor Planet Center—List of Jupiter Trojans: https://www.
minorplanetcenter.net/iau/lists /JupiterTrojans.html /.

2 Lucky Star Project website: https://lesia.obspm.fr/lucky-star/.
30 Occultation Portal website hitps: //occultation.tug.tubitak.gov.tr/.
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tool, which has been successfully used to determine the orbits
of small bodies, described by J. Desmars et al. (2015),
combined with astrometric observations carried out by various
ground-based observatories—like Pico dos Dias Observatory
(OPD31) and Haute-Provence Observatory (OHP32)—and
reduced with the PRAIA astrometry tool (M. Assafin 2023a).
Details about the observed occultations, like the date and
time of the occultation and star parameters, can be found in
Table 1, whereas the observation circumstances for these
events like information of the site coordinates, details about
the telescope and camera used and whether the detection of the
occultation was positive or not, are shown in Table 2.

3. Data Analysis and Reduction

In this section, we provide a detailed overview of the data
analysis process. A more complete description of the
procedures regarding the stellar occultations technique and
methodology can be found in B. Sicardy et al. (2024). Here,
we begin with the acquired Flexible Image Transport System
files and proceed to determine the light curves. All observa-
tions were tracked and all video data were corrected for timing
shifts. This is done by investigating the camera features to
determine, for instance, if the recorded time is that of the
beginning, midtime or end of the frame. In our calculations,
we standardize all frame times as those of the mid-times. From
the light curves, we fit the occultation model and identify the
occultation instants, as explained in Section 3.1. Finally, in
Section 3.2, we describe how we projected the obtained times
onto the tangent plane and fitted Antenor’s limb.

3.1. Photometry and Occultation Light Curves

The data sets for the events described were analyzed using
the standard photometry procedures of the Platform for
Reduction of Astronomical Images Automatically (PRAIA;
M. Assafin 2023b), through differential aperture photometry.
The flux of the occulted star was corrected by the flux of the
nearby reference stars for sky transparency variations and then
normalized by the star plus occulted body flux. This step is
made by applying a polynomial fit to the observed flux before
and after the event.

To derive the immersion time (disappearance) and the
emersion time (reappearance) of the occulted star by the main
body we used the Stellar Occultation Reduction and Analysis
package (SORA; A. R. Gomes-Junior et al. 2022), fitting for
each light curve a sharp edge occultation model, which
includes Fresnel diffraction, the CCD bandwidth, the stellar
apparent size in kilometers at the distance of the object, and
the integration time of each image (see T. Widemann et al.
2009; F. Braga-Ribas et al. 2013; and references therein). The
Fresnel scale is given by f= \/AD,/2 for the diffraction
observed in the wavelength A from a distance to body D,,. For
a typical observation in the visible light A is ~550 nm. The
values for the Fresnel scale and the star apparent diameter at
the distance of the object are presented in Table 1. The fitting
procedure was done using a standard x* minimization
procedure, where an adequate fitting is obtained when y? per
degree of freedom (Xf, ) 18 close to the unity. The obtained
immersion and emersion times and their error bars are shown

31 MPC code 874.
32 MPC code 511.
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Table 1
Occulted Stars Parameters for Each Observed Event as Obtained from Gaia DR3

Occ. Date and Time Gaia EDR3 RA? decl.” Star’s Antenor’s Event Velocity Fresnel Scale Star Diam.
(UTC) Source Identifier (hh:mm:ss + mas) (dd:mm:ss + mas) G mag V mag (kms™ 1 (km) (km)
2021-06-12 01:49:42.98 4100200978834179712 18" 45™ 2956986 (+£0.019) —15° 38’ 55.771 (+0.020) 13.889 16.9 14.6 0.47 0.24
2021-07-10 00:56:52.52 4103087299953614720 18" 31™ 0433264 (+£0.056) —15° 58’ 457565 (+0.053) 12.608 16.9 16.0 0.47 2.49
2021-08-26 04:01:15.58 4097470749676146048 18" 15™ 4653889 (£0.016) —17° 02 497535 (+0.016) 12.016 16.6 4.0 0.49 0.23
Note

# The coordinates of the stars (R.A. and decl.) along with their associated uncertainties were propagated to the occultation epoch using the formalism suggested by A. G. Butkevich & L. Lindegren (2014) using the
parameters (proper motion, parallax, radial velocity, etc.) from Gaia EDR3 (Gaia Collaboration 2022). Their uncertainties are presented in units of milliarcseconds (mas). The uncertainties in R.A. include the factor
cosd. Antenor has a V magnitude were obtained from (JPL Solar System Dynamics Group 2025), which can be used as a reference, but it is not directly comparable to G magnitude. The apparent stellar diameter is

projected at the distance of the occulting object.
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Table 2

Observation Circumstances for Antenor’s Occultation Event

Ferreira et al.

Telescope (mm) Camera Exp. Time Detection Sky
Site Observer Longitude Latitude Altitude (m) Time Source (s) SNR Condition Wind
2021-06-12
Kaufering, Germany Gregor Krannich 48°05'2277793 N 350 0.650 Positive
10°50'5779958 E QHY174M-GPS 4.00 Clear
596 Camera sync to GPS Calm
Barcelona, Spain Jordi Marco 41°23'57'997 N 235 1.175 Negative
02°09'4010223 E ZWO ASI120MM na Clear
77 Computer sync to NTP light air
Barcelona, Spain Carles Schnabel 41°29'367996 N 400 0.160 Negative
01°5221” E WATEC-910HX na Clear
180 IOTA-VTI Calm
2021-07-10
Observatoire de la Cote d’ Azur Matthieu Conjat 43°43'3279016 N 400 0.200 Positive
Nice, France
7°17'59"3988 E Asi 174mm 7.14 Clear
300.00 Computer sync to NTP Calm
Botorrita, Spain Oscar Canales-Moreno 41°29'50755 N 500 0.160 Positive
rrisiiziz w Watec 120N 10.20 Clear
403.00 KIWI OSD Calm
Linhaceira, Portugal Rui Gongalves 399312176768 N 254 0.320 Positive
82231168 W Watec 910-HX 7.63 Clear
90.00 GPSBOXSPRITE Calm
UniversCity Caussols, France Luana Liberato 43°45'96012 N 500 0.500 Positive
6°55'187192 E QHY 600M 14.70 Clear
1266.25 Camera sync to GPS light air
Javalambre Astrophysical Obser- Ramén Iglesias-Marzoa 40°2'30748 N Tx40 400 2.000 Negative
vatory Teruel, Spain
1°0'58768W ProLine PL4720 27.78 Clear
1957.00 Computer sync to NTP light breeze
Observatori Astrondmic del Parc Carles Schnabel 41°18237796 N 280 0.640 Negative
del Garraf Barcelona, Spain
50'187024W Watec - 120N 9.00 Clear
297.00 IOTA-VTI Calm
2021-08-26
Wickenburg, Arizona United Paul D. Maley 33°58'46.56N 200 0.066 Positive
States
112°42'42748W Watec 910-HX 7.25 Clear
673.00 200 Camera sync to GPS Calm
Dateland, Arizona United States Norman Carlson 32°45'25"854 N 235 0.300 Positive
113°38/2676759 W RunCam Night Eagle 6.17 Clear
117.00 Astro Camera sync to GPS Calm
Sentinel, Arizona United States Kevin Wagner Alexandra 32°49'32" 5 N eVscope 1 114 0.300 Positive
Burnett Benoit Blanc
113°1226'8 W IMX224 6.85 Clear
227 Sync to NTP Calm
Kelsey, Manitoba Canada Delwin Shand 53°49'18'4 N eVscope 1 114 0.300 Positive
101°16'3477 W IMX224 4.71 Clear
Sync to NTP Calm
Scottsdale, Arizona United States Tony George 33°49'070984 N 300 0.067 Negative
111°52'772984 W Watec 910-HX na Clear
843.00 Sync to GPS Calm

Note. Data for the negative detections from June 12 and August 26 were not available (na).
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Table 3
Fitted Times Obtained for Each Light Curve with a Positive Detection

2021 Jun 12

Site Immersion Emersion Chord’s Size X?,df OLc

T um) (km)

Kaufering, Germany, 01:47:56.36 £ 0.13 01:48:02.37 £ 0.16 89.93 £ 3.30 1.25 0.232
Kaufering, Germany, Seg. 1 01:47:56.36 £ 0.13 01:47:58.74 £ 0.14 35.56 + 2.88 0.76 0.232
Kaufering, Germany, Seg. 2 01:47:59.50 £+ 0.14 01:48:02.37 £ 0.16 42777 £3.21 0.76 0.232
2021 Jul 10

Nice, France 00:53:35.10 £ 0.03 00:53:40.53 + 0.03 88.29 + 0.66 0.97 0.140
Botorrita, Spain 00:54:07.86 £ 0.02 00:54:14.18 £+ 0.03 105.90 £ 0.53 1.04 0.098
Linhaceira, Portugal 00:54:41.54 £ 0.04 00:54:48.26 + 0.04 109.58 £ 1.00 0.96 0.131
Caussols, France 00:53:36.93 + 0.04 00:53:42.58 + 0.04 91.95 £ 0.92 0.98 0.080
2021 Aug 26

Wickenburg, USA 03:42:35.97 £+ 0.01 03:42:59.86 £ 0.01 100.775 £+ 0.04 0.83 0.150
Dateland, USA 03:43:02.87 £+ 0.02 03:43:26.74 £+ 0.02 85.443 £+ 0.09 0.96 0.162
Sentinel, USA 03:42:57.50 £+ 0.03 03:43:21.95 £ 0.05 103.217 £+ 0.19 0.90 0.146
Kelsey, USA 03:37:40.52 + 0.06 03:38:04.41 + 0.05 99.006 £ 0.25 0.90 0.175

Note. Uncertainties of the immersion and emersion times are given in seconds of UT.

in Table 3 together with the chord’s size, the minimal Xf) if
obtained and light curve standard deviation (noise; opc) in
normalized flux units. Also, as a test, we reanalyzed two curves
from the JUL/10 event (Linhaceira and Nice; see Table 2) without
including Fresnel diffraction in the model. The differences found
for the respective immersion and emersion times given by Table 3
are two times smaller than their uncertainties.

3.2. Geometric Reconstruction

The immersion and emersion times were projected onto the sky
plane into chords, and their extremities were used to fit the shape
of Antenor’s limb at the moment of the occultations. The chord’s
accuracy depends primarily on the precision of the times obtained
from the light curve. To date, no 3D shape has been published for
Antenor. So, as a first approximation, we assume that the occulting
body limb at the moment of both occultations can be approximated
by an elliptical shape and described by five parameters: the center
coordinates (fy, go) for each occultation which measures R.A. and
decl. offsets, the apparent equatorial radius (a’), the apparent
oblateness (¢) and the position angle of the pole (P)
(B. E. Morgado et al. 2021; A. R. Gomes-Junior et al. 2022).

As will be shown in Section 4, Antenor fortuitously
presented almost the same rotational phase in the observations
of the July and August events, so we combined those two
multichords occultations by fitting them with seven varying
parameters (the elliptical shape plus one center for each
occultation). The event observed in June is handled separately.

The fitted parameters and their lo uncertainties are
determined through minimizing the reduced y, via a Monte
Carlo approach. For this, we used an algorithm based on the
description presented by A. R. Gomes-Junior et al. (2022).

4. Results

In this section, we detail our results. In Section 4.1 we
present the determination of Antenor’s 2D limb size and shape
as seen in the sky plane at the moment of two multichord
occultations (2021 July 10 and 2021 August 26). Furthermore,

in Section 4.2, we present the results of the 2021 June
occultation. Despite being observed by only one observer, it
may contain an intriguing feature suggesting that Antenor can
be, actually, a close or contact binary.

4.1. Stellar Occultation on 2021 July 10 and 2021 August 26

The July 10 event was recorded by six observational
stations, four of them with positive detections and two with
negative ones. The observation in France had the support of
the UniversCity telescope, which was developed with the goal
of robotically and systematically observing stellar occultations
by minor planets (J. F. Ferreira et al. 2020). The event had a
shadow velocity of 15.98 kms™'. The August 26 event, with
the three positive detections in the United States, had a shadow
velocity of 4.01 kms~'. Table 2 shows details about each site,
the characteristics of the cameras that recorded the event, and
the exposure times.

After normalizing the light curve using PRAIA, we obtained
the immersion and emersion times (Table 3) of the occulted
stars using the procedures from the SORA library, as already
described. The normalized light curves for these two events are
shown in Figures 1 and 2. Also, the immersion and emersion
times are used to project the chords onto the sky plane. The
extremity of each chord can fit the apparent shape for its
respective observation, providing the geometric reconstruction
of the object, whose steps are described in Section 3.2.

One important aspect is that considering Antenor’s
rotational period of 7.964 + 0.001 hr (R. D. Stephens &
B. D. Warner 2019), we compute the differential rotational
phase between both multichords occultations (July 10 and
August 26) to be around 0.016 4+ 0.018, which means a
difference of 5.8 4 6.5. Considering the fact that Antenor has
an orbital period of 11.76 yr and, taking its position vectors on
July 10 and August 26 (dates of both multichords' stellar
occultations), an angle of 3.86 (rotational phase of 0.01) is
found.

In addition, it should be noted that the light times on those
dates differ by less than 4 minutes. Therefore, if we start
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Figure 1. Light curves for the occultation that occurred on 2021 July 10. The black line indicates the observed data, while the red line represents the modeled light
curve. The cyan markers depict the residuals. The light curves are from (a) Caussols (France), (b) Botorrita (Spain), (c) Nice (France), and (d) Linhaceira (Portugal),

with their respective observers listed in Table 2.
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Figure 2. Light curves for the 2021 August 26 occultation. The black line represents the observed data and the red line is the modeled light curve. The cyan markers
are the residuals. The light curves are from (a) Kelsey (Canada), (b) Sentinel (USA), (c) Dateland (USA), and (d) Wickenburg (USA), whose respective observers are

listed on Table 2.

counting time on the date when the object is closer, we will
observe after some time a phase that is less than 4 minutes—
roughly 3°—later with respect to the one that would have been
observed under no change in distance. The fortuitous
combination of these three facts (rotational period, orbital
motion, and time lag) means that we observed approximately
the same projected face during both events, assuming that
Antenor is not highly irregular.

Figure 3 displays the best-fitted ellipses along with their
respective 1o regions, representing Antenor’s limb for observa-
tions on July 10 and August 26. By analyzing both multichord
events discussed here, we derived a global 2D apparent elliptical
shape with a semimajor axis of 54.30 £ 0.99 km and an apparent

oblateness of 0.11 + 0.05. This indicates an area equivalent
radius® of 50.86 4 1.13 km. Furthermore, a radial dispersion
of 2.20 km was obtained. This dispersion may be indicative of
topographical features up to this level in the radial direction
apart from the obtained elliptical global shape for this body,
and assuming topographic features up to this value, we
obtained a minimal chi-square per degree of freedom (x> 4) Of
1.35 (see discussion in A. R. Gomes-Junior et al. 2022).

3 Area equivalent radius (R.q) is the radius of the circle whose area is
equivalent to the fitted ellipse (Req = va X b, where a is the apparent
semimajor axis and b is the apparent semiminor axis), measured in kilometers
(see A. R. Gomes-Junior et al. 2022).
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Figure 3. Chords in the sky plane relative to Antenor (in blue and green), and their uncertainties (in red). The black line is the best-fitted ellipse, and all the ellipses in
the 1o region are in gray. The left panel (a) is the event on 2021 July 10, and the right panel (b) is the event on 2021 August 26. The dashed lines stand for the
negative chords of the July occultation. The data for the negative observation of August 26 was not provided by the observer.

The physical parameters of the fitted ellipse are presented in
Table 4. It is important to highlight that the fitted ellipse is
used to mainly assess dimensions of the body and not its 3D
shape. Results from these two occultations by Antenor are also
presented by J. Hanus et al. (2023), whose determined an area
equivalent of 101 & 3 km, which is in good agreement with the
101.7 £ 2.3 km we found in the present manuscript.

The 2021 August 26 data in J. Hanus et al. (2023) show two
chords (this paper shows four) and they considered the
occultations individually, not combined as we did. We
presented, however, this result in a separated image procedure
since they show more trustworthy uncertainties based on our
methodology. The combined solution gives a more accurate
equivalent diameter as compared to that obtained from
analyzing the July and August observations separately. In
addition, we also presented an astrometric results using NIMA
solution (see Section 4.3). It is important to highlight that the
obtained area equivalent radius of 50.86 £ 1.13 km is also
close to the value 48.8 £ 0.2 km published by T. Grav et al.
(2012), which used thermal data from NEOWISE.

4.2. Stellar Occultation on 2021 June 12

The occultation observed on June 12 had only one positive
detection with a shadow velocity of 14.63 kms~'. One interesting
fact about this event is a flux increase in the middle of the
occultation, which can be attributed to the reappearance of the
occulted star during the occultation. Figure 4 shows a sequence of
images and points of the event, where we can see the increase of
the flux of the star during the occultation (see point (3)). This kind
of feature may indicate a large topographical feature of the body
or binarity. Considering this peculiarity, we fitted two models: (i) a
single occultation model as described in Section 3.1; and (ii) a
model containing two occultation models, both of them affected

Table 4
Physical Parameters of the Fitted Ellipse

2021 Jul 10 2021 Aug 26
fo (km) —12.14 £ 1.21 +6.23 +2.73
8o (km) —1.41 £ 2.65 —6.78 + 1.71
Apparent semimajor axis (km) 5430 £ 0.99
Apparent semiminor axis (km) 4791 = 2.15
Apparent equivalent radius (km) 50.86 + 1.13
Apparent oblateness 0.114 + 0.051
Position angle of the minor axis (deg) 159.3 + 10.3

by the same effects (diffraction, stellar diameter, and instrumental
response). In the first model, two parameters were fitted: the
immersion and emersion times. On the other hand, the second
model considered four parameters (e.g., the immersion and
emersion times for each occultation).

To check whether the best model that fits our data set is the
single box or double box, we applied a Fisher—Snedecor F-test
to the residual of both models, which compares the variances of
two samples under the null hypothesis that they result from the
same distribution. Suppose the f value is smaller than a critical
value (considering a typical probability). In that case, we fail to
disprove the null hypothesis, meaning there are no significant
variations between both distributions. We only considered the
points close to the occultation and, as a result, we obtained a f
value of 1.5288 with a critical value of 1.4451 for a probability
of 80%. Thus, considering an 80% probability, the second
model fits the data better. Even though this is not a strong
evidence (larger than 99%, for instance), it is indicative that it is
not a simple noise contamination and can be interpreted as
Antenor’s having a more complex shape than a simple ellipsoid
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Figure 4. Double-chord observed for 2021 June 12 occultation. The figure presents a sequence of images showing the moment of the occultation by Antenor in 2021
June 12. The points (1), (2), (3), (4), and (5) represents five moments of the occultation event. The moment when the star flux increases during the occultation is
represented by the point (3). The figure also shows the double drop of the observed data (black line), the single box model (red line, panel (a)), and the double box
model (blue line, panel (b)). After applying a F-test statistic, it was verified that the double box model best fits the data set considering a probability of 80%.

can explain. A few examples of possible explanations would be:
Antenor’s has a large topographical feature or this object is, in
fact, a close binary. However, without more and better data, it is
impossible to pinpoint exactly which scenario is more likely.
Figure 4 shows the light curve for this observation and also
presents the fitting for the single box model (in red) and for the
double box model (in blue).

The occultation instants using both models can be found in
Table 3. We then projected these instants on the sky plane as
chords as described in Section 3.2. Moreover, again assuming
the Antenor’s rotational period, we computed the differential
rotational phase between this occultation and the others, and
obtained a value of 0:286 =+ 0.028 or 102:92 + 10:23, which
means that now we are observing a completely different face of
Antenor. We estimated the length of the space between the two
chords’ segments and obtained the size of 11.38 4+ 2.98 km.

Without further information on the object’s shape, we can
not pinpoint exactly where Antenor’s center is, which means
we can not say with certainty if this chord is near the edge or
the center line. However, as a first-order estimation, we
considered a circular solution of radius 50.86 + 1.13 km as
the value obtained in Section 4.1, which resulted in two
possible solutions as illustrated in Figure 5. One solution is
with the center to the North of the chord (in black), and the
second with the center to the South (in blue). A more

conservative approach is to combine both positions, having the
mean value as the best-fitted value, with a larger uncertainty
(see discussion in F. L. Rommel et al. 2020). Moreover, it is
unlikely that the north solution is correct, as it presents an
offset larger than the expected value of the uncertainty of
Antenor’s ephemeris, see details in Section 4.3.

4.3. Astrometrical Measurements and Orbital Improvement

A result of this technique is the geocentric astrometric position
of Antenor at the occultation instants. These results are shown in
Table 5. The uncertainties are presented in milliarcseconds (mas)
and those in R.A. include the multiplication by cosé. To better
understand how our data improved Antenor ephemeris, we used
NIMA (J. Desmars et al. 2015) to fit two sets of data: the first,
with all available data on MPC, and data from GaiaFPR
(P. Tanga et al. 2023) and proprietary astrometrical positions
obtained at OPD and OHP; the second with the first set plus the
preferred occultation positions presented here. Figures 6 and 7
show these orbital fittings and the difference between the new
NIMA v5 ephemeris and JPL62 solution. As mentioned earlier in
the text, the astrometry for the June event is model dependent and
a better constraint on Antenor’s shape is expected to highly
improve this result.
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Table 5
Astrometric Object Position

Date and Time (UTC) R.A.

decl. Comment

2021-06-12 01:49:42.980 18"45™2936915281 + 0.567 mas
2021-06-12 01:49:42.980 18"45™2936915814 + 0.598 mas
2021-06-12 01:49:42.980 18"45™2936915555 + 0.968 mas
2021-07-10 00:56:52.520 18"31™04:3100087 + 0.507 mas
2021-08-26 04:01:15.580 18"15™46:3494335 + 0.815 mas

—15°38'537980590 + 1.617 mas
—15°38'537996995 + 1.641 mas
—15°38'537988804 + 9.827 mas
—15°58'437998811 + 0.932 mas
—17°02'497230749 =+ 0.519 mas

Center to the North
Center to the South®
Combined solution
Same shape as 2021-08-26
Same shape as 2021-07-10

Note.

# Preferred solution due to smaller offset relative to Antenor’s ephemeris. The uncertainties are presented in units of milliarcseconds (mas) and those in R.A. are

multiplied by cos 6.
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Figure 5. Best-fitted limb to the double-chord and ellipses within their
respective 1o region. Two solutions can be obtained, one with the center north
of the chord (in black), and another to the south (in blue). The solution in blue
is the preferred solution.

Our orbital fitting using NIMA provided ephemeris with
uncertainties below 15 mas up to 2026, which translates to
46 km projected at Antenor’s distance. Without using these
occultations data Antenor ephemeris would have uncertainties
of 30 mas up to 2026 (92 km at Antenor’s distance), which is
larger than Antenor’s radius of 50.83 km. This new ephemeris
allows the prediction of future accurate stellar occultations
with an expected high success rate. This new ephemeris is
publicly available at the Lucky Star webpage.**

5. Albedo

The accurate diameter of Antenor, projected onto the plane
of sky, encourages the determination of its geometric albedo.
However, due to its relatively short orbital period around the
Sun (as compared to trans-Neptunian objects, for instance),
attention must be made on the dependency between the
absolute magnitude and the aspect angle (angle between the
asteroid’s spin axis and the viewing direction; see B. Carry
et al. 2024 for more details).

34 Available at https://lesia.obspm.fr/lucky-star/obj.php?p=1045.

In this context, we took™ a set of 14 apparent magnitudes in
the filter g and 12 apparent magnitudes in the filter r of
Antenor, obtained by the Zwicky Transient Facility (ZTF;
F. J. Masci et al. 2019) in 2021 June, July and August.
Therefore, close to the dates of the events considered here.

Absolute magnitudes in both filters were then calculated
using the HGIG2 model (K. Muinonen et al. 2010).
These values are H, = 9.1597000s, Gl, = 0.44470118. G2, =
0.354701% and H, = 8.6741000%, Gl, = 0.094703%, and
G2, = 0.615713 (1o confidence intervals). The model fit
along with different confidence intervals are shown in Figure 8.

A rotational light curve model could not be determined from
the set of ZTF measurements used here. However, we can
include the effect of Antenor’s rotation in the uncertainty of
the absolute magnitudes in both filters by following, for
instance, the procedure detailed below used by F. S. Ferreira
et al. (2025):

1. For the magnitude measurements in each band (g, r), we
determine the respective reduced magnitudes (y axis
values in both panels of Figure 8). These are the
observed apparent magnitudes normalized by Antenor’s
distance from the Sun and from the observer or, more
specifically, m — 5log(RA), where m is the observed
apparent magnitude, R is the distance to the observer and
A is the heliocentric distance.

2. To each reduced magnitude, the value of the function
f(®) = A x sin(¢) is determined for ¢ randomly chosen
in the interval [0:27[, with A = 0.19. It is clear that, here,
we adopt a light curve with an amplitude of 0.19 mag
(S. Mottola et al. 2011) and a sinusoidal shape. Note that
a different model would only influence the uncertainties
of the absolute magnitudes in each filter only and not
their final values under the reasonable hypothesis that
rotational phase and the ZTF observation dates are not
correlated. Given the scarcity of data, the choice for a
simple shape model (sine wave in our case) is a sensible
choice.

3. To fully account for the variance in the ZTF data,
magnitudes used in the simulation are random values
sampled from a normal distribution centered on the
reduced magnitude value, with a variance corresponding
to the uncertainty of the apparent magnitude (+10).

4. Values of Hg,, Gl,, and G2,, were determined using
least squares minimization applied to HGIG2 phase
curve models, through a constrained optimization linear
approximation algorithm (M. J. D. Powell 1994).

35 https: //fink-broker.org/
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Figure 6. Difference between JPL ephemeris and NIMA solution in R.A. (left panel) and decl. (right panel) considering all data available on MPC and proprietary
astrometrical positions obtained at OPD and OHP (cyan dots), plus data from GaiaFPR (blue dots). The gray region delimits the 1o uncertainty of the NIMA
ephemeris.
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Figure 7. Difference between JPL ephemeris and NIMA solution with the data presented in Figure 6 plus the preferred astrometrical positions obtained in the project
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Figure 8. Apparent magnitude reduced to unit distance as a function of the Solar phase angle. Left plot: g filter. Right plot: r filter. Photometric measurements are
from the Zwicky Transient Facility. The error bars have a total length of 20 and take into consideration the observational uncertainty in the magnitude only.
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5. Steps 2, 3, and 4 are repeated 10,000 times.

6. The final values and uncertainties of H, ,, G1, and G2 are
derived from the distribution of parameters obtained
from all simulations, with uncertainties determined by
the 16th and 84th percentiles, representing the interval

corresponding to *1o.

The determination of the geometric albedo for Antenor, in
the ZTF g and r bands, can be readily determined from
the relation (e.g., H. N. Russell 1916; A. W. Harris &
A. W. Harris 1997)

ey

2 au x 10020me—He) \?
Per = 5

where p, ,is the geometric albedo in the g or r bands, m, is the
apparent magnitude of the Sun in the respective band, H, , is
the absolute magnitude of Antenor in the g or r bands and D is
the equivalent diameter from the occultation. The astronomical
unit (au) is in the same unit of the diameter.

The ZTF image processing pipeline calibrates its photo-
metry (E. C. Bellm et al. 2019) to Panoramic Survey Telescope
and Rapid Response System (PanSTARRSI; K. C. Chambers
et al. 2016). The PanSTARRS1 implements the AB magnitude
system with an accuracy of ~0.02 mag (90% confidence;
J. L. Tonry et al. 2012) so we adopt from C. N. A. Willmer
(2018) the AB values of the apparent magnitude of the Sun for
PanSTARRSI in the g band (PS1_g) m., = —26.54 and in the
rband (PS1_r) ms, = —26.93, both values with an accuracy of
2%. The geometric albedos of Antenor are, as a consequence,
p, = 0.04670003 and p, = 0.0507707. Differences between
these albedos and those given by other works (e.g., Y. R. Fer-
nandez et al. 2003) are due to different values for the diameter
of Antenor mainly.

6. Conclusions and Discussion

Stellar occultation by Solar System Objects is an effective
technique to obtain the physical characteristics of these bodies.
Networks of ground-based telescopes have been used to
observe such events and obtain as many chords as possible that
can be combined to reveal the size and shape of small bodies.
In this context, we used three observations of a stellar
occultation by the Trojan (2207) Antenor and determined its
physical characteristics. These results contribute to a better
understanding of this object’s physical properties and can
provide insights into the Jupiter Trojans population.

Two multichords occultations in 2021 July 10 and 2021
August 26, allowed the characterization of Antenor’s limb at
the moment of the occultations. During those events, Antenor
can be considered at almost the same rotational phase.
Observations were made by professional and citizen astron-
omers in Europe and the United States. From these events, we
estimated that Antenor’s shape projected onto the plane of the
sky can be fitted by an ellipse with a semimajor axis of
54.30 £+ 0.99 km and semiminor axis of 47.91 £ 2.15 km,
which means an oblateness of 0.114 £ 0.051. From these
values, we computed the area equivalent radius of
50.86 £ 1.13 km. Our result can be compared with
48.2 + 0.2 km which is the expected value obtained by
thermal measurements using the NEOWISE (T. Grav et al.
2012). Results from these two events are also presented by
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J. Hanu$ et al. (2023). Our analysis, however, follow a
different methodology and combine chords from different
events, taking into consideration that Antenor profited from
almost the same rotational phase. In addition, we provided
useful and accurate astrometric results using the NIMA
solution.

Considering the Antenor’s absolute magnitudes in the g and
r bands for observations close to the dates of the events
analyzed in this work, we computed the geometric albedo in
both filters using the area equivalent radius obtained in

the paper. The obtained values are p, = 0.0467 0% and

p, = 005010005, The results found here for Antenor’s albedo
are in good agreement with the values of py = 0.051 + 0.003
and py = 0.059 + 0.003 presented by NEOWISE (T. Grav
et al. 2012) and Akari (F. Usui et al. 2011), respectively. With
a low albedo, Antenor is classified as a D-type asteroid
(S. Mottola et al. 2011), which is the taxonomy that shows
predominance for L5 trojans (F. Roig et al. 2008).

The 2021 June 12 occultation presented only one positive
chord detected by Gregor Krannich at Kaufering, Germany.
This light curve had a two-point increase in the light flux in the
middle of the occultation which is more significant than the 1o
noise of the light curve. This can be interpreted as a
reappearance of the occulted star in the middle of the event.
Moreover, this indicates a large topographic feature or that
Antenor is a contact or close binary. The unocculted region in
the middle of the occultation has a size of 11.38 + 2.98 km, a
very large (22%) value considering the 50.86 km area
equivalent radius determined. Moreover, our first-order
estimation puts this chord at a distance of 25.43 km from
Antenor’s center, which agrees with a binary object as
suggested by R. D. Stephens et al. (2018). More observational
data is needed to constrain this scenario better and pinpoint the
individual sizes of the components.

From these occultations, we determined the relative position
between Antenor and the occulted star. Based on precise
knowledge of the star position due to the Gaia catalog, we
determined Antenor’s positions in the ICRS with uncertainties
between 0.5 and 1.6 mas. These new positions were used to
improve Antenor’s orbital parameters, allowing the prediction
of the path of future stellar occultations with a high accuracy
(uncertainties smaller than 15 mas), which is smaller than
Antenor’s radius.

Out of approximately ~7,500 known Trojan objects,*® only
~1800 have their sizes estimated from thermal measurements
(T. Grav et al. 2012). A small number of objects have been
measured by occultations®’ (F. Braga-Ribas et al. 2019), and
even fewer have been detected in multichord occultations.
Accurate sizes and shapes of these objects contributes to
advance our knowledge of the formation and dynamical
evolution of the solar system.
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